The E2 protein of human papillomavirus (HPV) binds to specific sites in the viral genome to regulate its transcription, replication, and maintenance in infected cells. Like most regulatory proteins, E2 is rapidly turned over. A high-throughput assay was developed to quantify the expression and stability of E2 in vivo, based on its fusion to Renilla luciferase (RLuc). The steady-state levels of Rluc-E2 were quantified by measuring the amounts of associated luciferase activity, and its degradation was measured by monitoring the decrease in enzymatic activity occurring after a block of translation with cycloheximide. Using this assay, the E2 proteins from a low-risk (HPV11) and a high-risk (HPV31) human papillomavirus (HPV) type were found to have short half-lives of 60 min in C33A cervical carcinoma cells and to be ubiquitinated and degraded by the proteasome. Analysis of mutant proteins showed that the instability of E2 is independent of its DNAbinding and transcriptional activities but is encoded within its transactivation domain, the region that binds to the cellular chromatin factor bromodomain-containing protein 4 (Brd4) to regulate viral gene transcription. Overexpression of Brd4, or of its C-terminal E2-interaction domain, was found to increase the steady-state levels and stability of wild-type E2 but not of E2 mutants defective for binding Brd4. These results indicate that the stability of E2 is increased upon complex formation with Brd4 and highlight the value of the luciferase assay for the study of E2 degradation.
Papillomaviruses are a family of small double-stranded DNA viruses that induce benign and malignant hyperproliferative lesions of the differentiating epithelium (24, 25, 49) . Approximately 25 types of human papillomavirus (HPV) infect the anogenital region. The oncogenic or "high-risk" types, such as HPV16, -18, and -31, are found in the majority of cervical and anal cancers and their precursor lesions (7, 25, 49) . They are also present in a subset of head-and-neck cancers (22, 42) . The low-risk types, including HPV6 and -11, cause benign genital warts (condylomas) (29) and laryngeal papillomatosis (6), a rare but debilitating infection acquired by infants during birth from an infected mother.
The life cycle of HPV is coupled to the cellular differentiation program that keratinocytes undergo in the epithelium (17, 25, 32) . These viruses infect the basal cell layer, where they maintain their double-stranded DNA genome as a circular episome in the nucleus of infected cells. Maintenance of the HPV episome in primary keratinocyte cultures requires four viral proteins: the two oncogenes, E6 and E7, the E1 replicative helicase, and the multifunctional E2 protein (25, 32) . E2 binds to specific sites in the regulatory region of the viral genome to promote its replication, regulate its transcription, and ensure its proper segregation to daughter cells at mitosis (11) . E2 is comprised of two functional domains, an N-terminal transactivation domain (TAD) and a C-terminal DNA-binding/dimerization domain separated by a hinge region. The TAD is a protein interaction module that binds through one surface to the viral E1 helicase to promote replication of the genome and, through the opposite surface, to cellular transcription factors, including bromodomain-containing protein 4 (Brd4), to regulate viral gene transcription (1, 2, 43) . In the context of papillomaviruses, Brd4 was first identified as the cellular chromatin component that is bound by E2 to tether the viral episome to host chromosomes in order to facilitate its segregation to daughter cells during mitosis (47, 48) . In addition to mediating the function of E2 as a segregation factor, Brd4 is also needed for E2 to activate or repress transcription (8, 33, 40, 41, 44) . Brd4 is a member of the BET family of proteins whose members contain two tandem bromodomains (BD1 and BD2) and an extraterminal domain (20) . Brd4 binds to the E2 TAD through its C-terminal domain (2, 47) and to acetylated chromatin via its two bromodomains (16, 30) . Brd4 was also identified as a positive regulator of P-TEFb, a kinase that stimulates transcriptional elongation by RNA polymerase II (26, 46) . Recent evidence also indicates that Brd4 plays a role in cell cycle progression by promoting transcription of growth-associated genes in G 1 and allowing progression into S phase (35, 45) . Accordingly, cells in which Brd4 expression is downregulated by shRNA arrest in G 1 and undergo apoptosis (35, 45) .
Mutagenesis of the E2 TAD has led to the identification of amino acid substitutions that genetically separate the transcription from the replication function of the protein. Substi-tutions of arginine 37 for alanine (R37A) and of isoleucine 73 for leucine or alanine (I73L or I73A) have been shown to abrogate the ability of E2 to activate or repress transcription while having little effect on its ability to support viral DNA replication (3, 12, 13, 15, 19, 23, 37, 39) . Later studies showed that substitutions of R37 and I73 affect the binding of E2 to Brd4 (8, 40, 41) . Satisfyingly, a crystal structure of the E2 TAD in complex with a Brd4 peptide showed that R37 and I73 form part of the Brd4-binding surface (2) .
The E2 proteins from both bovine papillomavirus (BPV) and HPV18 E2 have been shown to be polyubiquitinated in vivo and in vitro, respectively, and degraded by the proteasome (9, 38) . Using pulse-chase analysis, the half-life of BPV E2 was measured to be 50 min (38) . Comparable results were obtained for the E2 proteins from different HPV types fused to green fluorescent protein (GFP). Specifically, the half-lives of GFP-E2 were determined to be 50 min for HPV18 and HPV16, 125 min for HPV6, and 75 min for HPV11 in HeLa cells (9, 10) . However, little is known about the cellular factors involved in the rapid turnover of E2.
The study of E2 degradation would be greatly facilitated by assays that could rapidly determine the stability of the protein in a quantitative manner. We report here the development of a luciferase assay to monitor the expression and degradation of the human papillomavirus E2 protein in cells. Using this quantitative assay, we provide evidence that degradation of E2 is modulated by complex formation with Brd4.
MATERIALS AND METHODS
Plasmid constructions and mutagenesis. Plasmids to express the E2 protein of HPV11 and HPV31, as fusions with Renilla luciferase (RLuc), were constructed by inserting XhoI-BamHI digested PCR fragments encoding E2 between the XhoI and BamHI sites of plasmid pRluc-C2 (Perkin-Elmer). Primers used for amplification were designed such as to encode XhoI and BamHI restriction sites. The following pairs of primers were used: HPV11 E2, 5Ј-AAAACTCGAGAT GGAAGCAATAGCCAAGCGTTTAG-3Ј and 5Ј-TTTTGGATCCTTACAAT  AAATGTAATGACATAAACCCCACCTT-3Ј; and HPV31 E2, 5Ј-AAAACTC  GAGACTCTTTCTCAACGTTTAAATGT-3Ј and 5Ј-TTTTGGATCCCTAAA  TAGTCATATATCCTGTTGACAC-3Ј. A linker encoding a 3xFlag epitope was  then inserted at the XhoI site by annealing of the following five oligonucleotides  and ligation (oligonucleotides O1 and O5 were 5Ј phosphorylated): O1, 5Ј-TC  GACGGCGACTACAAGGACCACGATGGCGA-3Ј; O2, 5Ј-CTACAAGGAC  CATGACATCGATTATAAGGACGATGACG-3Ј; O3, 5Ј-ATAAGAGCGGC  GGCGGAGGGAGCC-3Ј; O4, 5Ј-GATGTCATGGTCCTTGTAGTCGCCAT  CGTGGTCCTTGTAGTCGCCG-3Ј; and O5, 5Ј-TCGAGGCTCCCTCCGCCG  CCGCTCTTATCGTCATCGTCCTTATAATC-3Ј ). The 3xFlag epitope was also incorporated in the control RLuc expression plasmid. In this case, the 3xFlag linker was created by annealing five oligonucleotides-O1, O2, and O4 (described above), as well as O6 (5Ј-ATAAGAGCGGCGGCGGAGGGAGCG-3Ј) and phosphorylated O7 (5Ј-GATCCGCTCCCTCCGCCGCCGCTCTTATCG TCAT CGTCCTTATAATC-3Ј)-and inserted between the XhoI and BamHI sites of pRluc-C2. The firefly luciferase (FLuc) coding plasmid was constructed by inserting the FLuc coding region present in the pGL3-Basic plasmid (Promega) between the XhoI and XbaI restriction sites of the pCI plasmid (Promega). Truncations of HPV31 E2 fused to RLuc were created as follows. First, the adenine residue preceding the XbaI site of the Rluc-3xFlag plasmid described above was mutated to cytosine to prevent dam methylation and allow cleavage by XbaI. Different subfragments of HPV31 E2 were then inserted into this plasmid between the BamHI and XbaI sites. The following pairs of primers were used for PCR: complete HPV31 E2, 5Ј-TATATGGATCCGAGACTCTT  TCTCAACGTTTAAATGTG-3Ј and 5Ј-TATATTCTAGATTAAATAGTCAT  ATATCCTGTTGACACTGATAC-3Ј); TAD (amino acids [aa] 1 to 208), 5Ј-T  ATATGGATCCGAGACTCTTTCTCAACGTTTAAATGTG-3Ј and 5Ј-ATAT  TTCTAGATTAAGCAAAGGATATTCGTCACTGCTAAATA-3Ј; Hinge (aa  198 to 293), 5Ј-TAATTGGATCCTCTGTATTTAGCAGTGACGAAATATCC  T-3Ј and 5Ј-TTTAATCTAGATTATGTAGTTGCAGGACAACTGACAGC-3Ј; DBD (aa 266 to 372), 5Ј-ATATAGGATCCTCCGTGGACAGTGTCAACT  GTGG-3Ј and 5Ј-TATATTCTAGATTAAATAGTCATATATCCTGTTGACA  CTGATAC-3Ј; TADϩHinge (aa 1 to 293), 5Ј-TATATGGATCCGAGACTCT  TTCTCAACGTTTAAATGTG-3Ј and 5Ј-TTTAATCTAGATTATGTAGTTG  CAGGACAACTGACAGC-3Ј; and HingeϩDBD (aa 198 to 372), 5Ј-TAATTG  GATCCTCTGTATTTAGCAGTGACGAAATATCCT-3Ј and 5Ј-TATATTCT  AGATTAAATAGTCATATATCCTGTTGACACTGATAC-3Ј . These different plasmids encode fusion proteins in which the 3xFlag epitope is separated from the Rluc sequence by nine residues (GDLRRALDG) and the E2 fragment is separated from the 3xFlag epitope by eight residues (SGGGGSGS). Codonoptimized HPV31 E2 was purchased from GenScript Corp. and inserted, using BamHI/HindIII cloning, into pCMV1a (Stratagene), which introduces a 3xFlag sequence at the N terminus of E2. The Brd4-C construct was created by amplifying the portion of human Brd4 encoding aa 1224 to 1362 by PCR from the pOTB7 vector (ATCC 6714018, GenBank no. BC008354) using the primers 5Ј-GCGGGATCCGCCACCATGGCACCGAAGAAGAAAAGGAAGGTGT TCGAGCAGTTCCGCCGCG-3Ј and 5Ј-TTACTGCAGAAGCTTTCAGAAA AGATTTTCTTCAAATATT-3Ј and inserted between the BamHI and PstI restriction sites of the pCR3.1 expression plasmid. Using this strategy, the amino acid sequence MAPKKKRKV, containing the simian virus 40 (SV40) nuclear localization signal, was inserted at the N-terminal of Brd4-C. The Flag-tagged full-length (aa 1 to 1362) and N-terminal (aa 1 to 1223) human Brd4 constructs were kind gifts from Cheng-Ming Chiang (University of Texas Southwestern Medical Center). All plasmids were verified by DNA sequencing. Further details on construction of these plasmids are available upon request.
Antibodies, Western blotting, and immunoprecipitations. Purified mouse antiFlag M2 antibody was obtained from Sigma (F1804, 1:2,000 dilution for Western blotting). Rabbit anti-Brd4 antibody was obtained from Abgent (AP8051a, 1:2,000 dilution). Rabbit anti-ubiquitin antibody (FL-76, sc-9133, 1:500 dilution) and rabbit anti-HA antibody (Y-11, sc-805, 1:1,250 dilution) were purchased from Santa Cruz Biotechnology. Western blotting was performed after sodium dodecyl sulfate-polyacrylamide gel electrophoresis and the transfer of proteins onto polyvinylidene difluoride membranes; results were visualized according to an enhanced chemiluminescence procedure (GE Healthcare). For immunoprecipitations, C33A cells were transfected into six-well plates, washed with ice-cold phosphate-buffered saline (PBS), and solubilized in 400 l of cold lysis buffer (50 mM Tris-Cl [pH 7.5], 350 mM NaCl, 5 mM EDTA, 1% Triton X-100, and 50 mM NaF, protease inhibitors, containing 20 M MG132 and 10 mM N-ethylmaleimide). Lysates were transferred to Eppendorf tubes and rotated for 45 min at 4°C before centrifugation at 20,000 ϫ g for 15 min. Cleared lysates were then incubated for 3 h with 20 l of protein G-Sepharose beads (GE Healthcare) that had been previously loaded with 2.5 g of anti-Flag M2 antibody. Beads were washed four times with 1 ml of wash buffer (50 mM Tris-Cl [pH 7.5], 350 mM NaCl, 5 mM EDTA, 0.1% Triton X-100, 50 mM NaF, and protease inhibitors and containing 20 M MG132 and 10 mM N-ethylmaleimide) and once more with PBS, before 40 l of 5ϫ Laemmli sample buffer was added and the samples were boiled for 10 min to elute the proteins.
Cell culture and transfections. C33A cells or its Brd4 knockdown derivative (cell line 1-13 from Wu et al. [44] , kindly provided by Cheng-Ming Chiang, University of Texas Southwestern Medical Center) were grown in Dulbecco modified Eagle medium (DMEM), supplemented with 10% fetal bovine serum, 0.5 IU of penicillin/ml, 50 g of streptomycin/ml, and 2 mM L-glutamine. Transfections were performed using Lipofectamine 2000 reagent according to the manufacturer's recommendations (Invitrogen).
Luciferase assays. Expression vectors for the RLuc-E2 fusion proteins or RLuc control were transfected together with the FLuc normalization plasmid into C33A cells. Cells were either transfected directly in white 96-well plates or transferred to 96-well plates after transfection in 100-mm dishes. FLuc and RLuc activities were measured by using the Dual-Glo luciferase system (Promega) and a GloMax 96-well luminometer (Promega) and normalized according to the instructions from the manufacturer. To measure the levels of luciferase at the steady-state, the cell culture medium in each well was replaced with 75 l of fresh DMEM before the addition of 75 l of the FLuc substrate. Plates were then placed on a plate shaker at room temperature for 20 min before the luminescence was read. A 75-l portion of the substrate for RLuc was then added to each well, and the plate was agitated and read as described above. Cycloheximide chase assays were started 24 or 48 h posttransfection by replacing the cell culture medium in each well with 75 l of DMEM containing 100 g of cycloheximide/ ml. Cells were then incubated at 37°C for the indicated time points before the addition of 75 l of the FLuc substrate and further processing of the samples as described above.
Confocal fluorescence microscopy. C33A cells were grown on coverslips. For immunofluorescence, cells were fixed 24 h posttransfection with 4% formalde-hyde, permeabilized with 0.2% Triton X-100, and incubated with anti-Flag M2 antibody diluted 1:500 in PBS-2% milk for 1.5 h, followed by 1 h of incubation with a 1:1,000 dilution of Alexa Fluor 633-conjugated secondary antibody. Cells were washed with PBS between each step and then mounted using VectaShield mounting medium (Vector Laboratories). Images were acquired by using a LSM510 confocal laser coupled to an Axiovert 100M inverted scanning microscope (Zeiss, Toronto, Ontario, Canada) and analyzed by using LSM Image Browser version 3.2.0.70 (Zeiss).
Transactivation assays. C33A cells (50,000 per well) were transfected in white 96-well format with either 15 ng of 3xFlag-HPV31E2 coding plasmid or 10 ng of RLuc-E2 plasmids, as indicated in the text, along with 185 ng of pK4xE2BS reporter plasmid, which contains the FLuc coding region located downstream of four E2 binding sites (kindly provided by Lou Laimins, Northwestern University). Where indicated, the control reporter plasmid pCMV-FLuc, which expresses FLuc from the cytomegalovirus (CMV) promoter, was transfected at 20 ng per well. In transfections performed with 3xFlag-HPV31E2, a plasmid expressing RLuc was used as a normalization control. To test the effect of proteasome inhibitors on E2-transactivation, cells were treated at 48 h posttransfection with increasing concentrations of MG132 or lactacystin for 6.5 h (all wells were adjusted to 0.5% dimethyl sulfoxide as a vehicle) before the FLuc and RLuc activities were measured by using a Dual-Glo luciferase system (Promega) as described above.
Downregulation of Brd4 by RNA interference. Twenty-one-nucleotide short hairpin RNAs (shRNAs) were expressed from the pLKO.1-Puro plasmid and purchased from Open Biosystems. The targeting sequences for the Brd4 and control shRNA were 5Ј-CCTGGAGATGACATAGTCTTA-3Ј and 5Ј-GCTAT GAGAATAACGGTAACA-3Ј, respectively. C33A cells transfected with these shRNA vectors were selected for 3 days (60 to 72 h) in culture medium containing 2 g of puromycin/ml prior to further analysis.
RESULTS
Expression of HPV11 and HPV31 E2 fused to RLuc. The E2 protein of papillomavirus is expressed at low levels, and previous studies indicated that it is rapidly ubiquitinated and degraded by the proteasome (9, 10, 38) . To easily quantify the levels of HPV E2 proteins in cells without the need for overexpression, we made constructs expressing HPV11 or HPV31 E2 fused at their N terminus to RLuc. To facilitate the detection of low amounts of these fusion proteins by Western blotting, a 38-aa linker encoding a 3xFlag epitope was incorporated between the E2 and luciferase coding regions (Fig. 1A) . We chose to fuse RLuc and the 3xFlag epitope at the N terminus rather than the C terminus of E2 because it was previously demonstrated that GFP, which is approximately the same size as RLuc, can be fused at the N terminus of E2 without affecting its function (10) . We then tested whether the RLuc-E2 fusion proteins were appropriately expressed in C33A human cervical carcinoma cells by anti-Flag immunoblot analysis of cells transfected with increasing amounts of each plasmid ( Fig. 1B and C). The two RLuc-E2 fusion proteins were readily detectable at the expected molecular mass of 80 kDa and were expressed at lower levels than RLuc alone. Transfection of ϳ10-fold more RLuc-E2 expression plasmid than RLuc-plasmid was needed to obtain comparable signals in Western blots ( Fig. 1B and C). E2 is known to accumulate primarily in the cell nucleus, although it can shuttle between the nucleus and cytoplasm (10) . We confirmed that the RLuc-E2 fusion proteins were also localized in the nucleus of transfected C33A cells by confocal immunofluorescence microscopy using an anti-Flag antibody (Fig. 1D ). In contrast, RLuc was present in both the nucleus and cytoplasm (Fig. 1D) . Together, these results demonstrate that RLuc-E2 fusion proteins are produced at the expected size and are properly localized in the nucleus. Finally, to ascertain that the fusion of RLuc at the N terminus of E2 did not affect its activity and, in particular, the proper folding of the TAD, we verified that RLuc-E2 from HPV31 was still capable of transactivating an E2-responsive reporter gene and, in separate experiments, that it retained the ability to interact with E1 (see Fig. S1 in the supplemental material) and to support transient DNA replication (data not shown).
Expression and stability of RLuc-E2 fusion proteins measured using luciferase assays. We then tested whether expression of RLuc-E2 fusion proteins could be detected in C33A cells by measuring the amount of associated luciferase activity at 24 h posttransfection. We took advantage of a commercially on October 2, 2017 by guest http://jvi.asm.org/ available dual luciferase assay that allows the measurement of both RLuc and FLuc activities in the same cells. In this experiment and all subsequent ones, an FLuc expression plasmid was included as an internal control to correct for potential variations such as differences in transfection efficiency. Thus, all of the luciferase activity results presented here have been normalized. Furthermore, in this assay and all subsequent ones, each data point represents the average of two to three luciferase activity measurements obtained from separate transfections. Using this protocol, we first measured the luciferase activity in cells transfected with increasing amounts of RLuc or RLuc-E2 expression plasmid and found that the correlation between enzyme activity and the amount of transfected plasmid DNA was strictly linear ( Fig. 2A) . Consistent with the data in Fig. 1B and C, we observed that both RLuc-E2 fusion proteins gave rise to lower amounts of luciferase activity than the control RLuc alone ( Fig. 2A) . Based on the enzymatic activity, RLuc-11E2 and RLuc-31E2 were 64-and 42-fold less expressed, respectively, than RLuc alone. This is consistent with E2 being rapidly targeted for degradation compared to RLuc, which has a reported half-life of ϳ14 h (31). Importantly, the luciferase assay could readily detect low levels of RLuc-E2 expression, with at least a fivefold-greater sensitivity than Western blotting against the 3xFlag epitope.
We next determined whether the half-lives of RLuc-E2 fusion proteins could be determined by measuring the levels of luciferase activity at different time points after a block of de novo protein synthesis with cycloheximide. Under these conditions, the luciferase activity of E2 fusion proteins diminished rapidly to ca. 40% after 3 h compared to the control RLuc and then remained stable (Fig. 2B) . From these data, the half-lives of RLuc-E2 proteins from both HPV11 and HPV31 were measured to be ϳ60 min. This value is consistent with previous studies that measured half-lives of 75 min for HPV11 and 50 min for both HPV16 and HPV18 E2 using a conventional protocol (9, 10) . As an additional control, we verified that the stability of both fusion proteins was independent of the amount of expression vector transfected (see Fig. S2 in the supplemental material), indicating that the degradation machinery is not saturated under our assay conditions. Collectively, these results demonstrate the usefulness of RLuc fusion proteins to quantitatively assess the expression and stability of E2 from different HPV types.
RLuc-E2 fusion proteins are degraded by the proteasome. Based on previous reports that BPV and HPV18 E2 are degraded by the proteasome (9, 38), we anticipated that our HPV11 and HPV31 RLuc-E2 fusion proteins would also be degraded by this pathway. To verify this assumption, we first tested whether the steady-state accumulation of RLuc-E2 could be increased by the proteasome inhibitor lactacystin. At 24 h posttransfection, C33A cells were incubated for 5 h with increasing concentrations of lactacystin and the level of each fusion protein assessed by immunoblot analysis with an antiFlag antibody. Under these conditions, lactacystin led to a dose-dependent increase in the levels of RLuc-E2 but had little effect on the levels of RLuc alone (Fig. 3A) . This increase in RLuc-E2 accumulation was accompanied by the appearance of high-molecular-weight species, which likely correspond to polyubiquitinated forms of the proteins (Fig. 3A and data below). Similar results were obtained with MG132, another commonly used proteasome inhibitor (data not shown). Importantly, lactacystin also increased the levels of luciferase activity associated with RLuc-E2 fusions, in a dose-dependent fashion (Fig. 3B ), but again had little effect on the activity of RLuc alone. The luciferase activities of RLuc-E2 from HPV11 and HPV31 were increased by as much as 70 and 50%, respectively (Fig. 3B) . Finally, we showed that lactacystin could prevent the degradation of both RLuc-E2 proteins in a cycloheximide chase assay (Fig. 3C) . Collectively, these results indicate that RLuc-E2 fusion proteins are degraded by the proteasome, like wild-type (untagged) E2.
RLuc-E2 fusion proteins are polyubiquitinated in vivo. The finding that RLuc-E2 proteins are degraded by the proteasome led us to investigate their modification by the ubiquitin pathway. To determine whether RLuc-E2 fusion proteins are polyubiquitinated in vivo, we examined their expression by anti-Flag immunoblot in transiently transfected C33A cells treated or not with 25 M MG132 for 3 h to inhibit the proteasome. As can be seen in Fig. 4A , high-molecular-weight forms of RLuc-E2, likely corresponding to polyubiquitinated forms, were readily observable in cells treated with MG132. To provide more direct evidence that RLuc-E2 fusions are polyubiquitinated, they were immunoprecipitated from the different cell lysates by using an anti-Flag antibody and analyzed by Western blotting against ubiquitin or E2 (anti-Flag) as a control (Fig. 4B) . As anticipated, high-molecular-weight forms of E2 were readily detected with the anti-ubiquitin antibody in the immunoprecipitates from cells treated with MG132. These results indicate that RLuc-E2 proteins are efficiently polyubiquitinated in vivo, a modification which likely underlies their rapid proteasomal degradation.
Mapping the domain of E2 that promotes its proteasomal degradation. To determine which domain of E2 is responsible for its degradation, we constructed a set of deletion mutants of HPV31 E2 fused to RLuc. RLuc fusions containing the TAD, hinge, or DNA-binding domain (DBD) alone were made. Fusions containing the TAD plus hinge and the hinge plus DBD were also constructed (Fig. 5A ). The stability of these different constructs was then assessed in transfected C33A cells by using a cycloheximide chase assay (Fig. 5B) . These studies revealed that the two fusions containing, respectively, the TAD and the TADϩhinge regions were the least stable. In contrast, those comprised of the DBD or hingeϩDBD were the most stable. These results pointed to the TAD as being a critical determinant of E2's instability. To substantiate these results, we analyzed the levels of the different RLuc fusion proteins by West- (Fig.  5C ). Fusion proteins containing the TAD (i.e., fusions comprised of the TAD, TADϩhinge, or the complete E2) accumulated as high-molecular-weight species in cells treated with lactacystin, suggesting that they were efficiently polyubiquitinated. In contrast, those lacking the TAD (i.e., fusions comprised of the hinge, DBD, or DBDϩhinge) showed little evidence of polyubiquitination. Collectively, these results suggest that the TAD is the primary domain of E2 that promotes its polyubiquitination and proteasomal degradation. The steady-state levels and stability of RLuc-E2 are increased by overexpression of the Brd4 C-terminal domain. E2 interacts with the viral E1 helicase to promote replication of the HPV genome and with Brd4 to regulate viral gene transcription (11, 43) . Both E1 and Brd4 bind to the TAD of E2, on opposite surfaces (1, 2) . Since the TAD is the primary domain of E2 responsible for its degradation, it was of interest to test whether overexpression of these factors could affect the stability of E2. We first tested whether cotransfection of an expression vector for a codon-optimized HPV31 E1 had any effect on the levels of RLuc-31E2, but we did not observe any significant effect (data not shown). We then tested whether overexpression of Brd4 could affect the levels of RLuc-E2 using two different Brd4 expression plasmids. One plasmid encoded the full-length Brd4 (aa 1 to 1362) tagged with a Flag epitope. The other encoded only the C-terminal domain of Brd4 (Brd4-C, aa 1224 to 1362) fused to the SV40 NLS to promote its nuclear accumulation. This latter construct retains the E2-interaction domain of Brd4 and was shown previously to inhibit the transcriptional activity of E2 in a dominant-negative manner (40) . Increasing amounts of both Brd4 expression vectors (8, 20, 50 , and 125 ng of plasmid DNA) were transfected into 5 ϫ 10 4 C33A cells, together with the plasmid encoding RLuc-11E2 (40 ng) or RLuc-31E2 (25 ng). As can be seen in Fig. 6A and B, expression of full-length Brd4 increased the levels of RLuc-E2 from both HPV11 and HPV31 by ca. 40% at the highest amount of Brd4 plasmid tested. The effect of Brd4-C was even more substantial, doubling the levels of both RLuc-E2 proteins at the highest amount of Brd4-C transfected ( Fig. 6A and B) . To determine whether this stimulatory effect of Brd4-C was due to its interaction with RLuc-E2, we tested its effect on mutant RLuc-E2 proteins carrying specific amino acid substitutions in the TAD, at arginine 37 (R37A) and isoleucine 73 (I73A or I73L), which abrogate binding to Brd4. The effect of Brd4-C on these mutant proteins was greatly reduced compared to its effect on wild-type RLuc-E2 (Fig. 6A and B) . Based on these results, we infer that Brd4-C increases the steady-state levels of HPV11 and HPV31 RLuc-E2 by directly binding to them.
To determine whether Brd4-C was increasing the levels of HPV11 and HPV31 RLuc-E2 by reducing their degradation, we measured their stability in a cycloheximide chase assay in the presence or absence of Brd4-C. These studies revealed that Brd4-C was indeed capable of slowing down the degradation of both RLuc-E2 proteins (Fig. 6C) . In fact, the increase in stability brought about by Brd4-C was comparable to that obtained with lactacystin (Fig. 3C) . In contrast and as expected, Brd4-C did not stabilize the R37K and I73A RLuc-11E2 proteins as well as the wild-type protein (Fig. 6D) . A weak stabilization of the R37K mutant protein was observed (Fig. 6D) , a finding consistent with this substitution having a lesser effect on Brd4-binding than the I73A substitution (41) . From these results, we conclude that E2 is protected from proteasomal degradation when bound to Brd4-C.
The steady-state levels and stability of RLuc-E2 are also increased by overexpression of full-length Brd4. When we determined the degree of overexpression of full-length Brd4 and of Brd4-C by Western blotting, we quickly realized that full-length Brd4 was produced at much lower levels than Brd4-C (see Fig. 3 in the supplemental material). This result suggested that the weaker stabilizing effect of full-length Brd4 on RLuc-E2 levels observed in Fig. 6A and B was likely due to its lower expression. To directly address this possibility, we tested whether transfection of higher amounts of Brd4 plasmid would increase the levels of RLuc-E2. We kept the same transfection conditions as described above but this time using 200 and 400 ng of Brd4 expression plasmid. Because these are large quantities of DNA relative to the number of cells being transfected, we were concerned about possible nonspecific effect on cellular physiology and/or viability and therefore included as controls the I73 mutants RLuc-E2 and RLuc alone. As shown in Fig. 7A , high amounts of Brd4 increased the steady-state levels of wild-type E2 from both HPV11 and HPV31. This effect was robust as the levels of both RLuc-E2 were increased by 2.5-fold at the highest concentration of Brd4 expression plasmid tested. In contrast, high amounts of Brd4 had a much weaker, although not negligible, effect on the two I73 mutant proteins and on RLuc alone (Fig. 7A) . Thus, full-length Brd4 can increase the levels of both RLuc-E2 proteins primarily by interacting with them. Accordingly, we found in cycloheximide chase assays that full-length Brd4 could protect HPV11 and HPV31 RLuc-E2 from degradation ( Fig. 7B and 7C) , albeit not as efficiently as Brd4-C (Fig. 6C) . It is likely that the weaker stabilizing effect of full-length Brd4 on RLuc-E2, compared to that of Brd4-C, is due to its lower levels of expression. However, we cannot rule out that other mechanisms are also taking place. Regardless, the stabilizing effect of full-length Brd4 was dependent on its interaction with RLuc-E2, since it was abolished by the I73A/L substitutions in the TAD (Fig. 7B and C) . Thus, both full-length Brd4 and Brd4-C protect E2 from degradation by directly interacting with it.
Effect of a dominant-negative Brd4 on expression of RLuc-E2. The results presented above indicate that Brd4 increases the stability of E2 primarily by directly binding to it. However, the findings that Brd4 could also increase the expression of the two I73 mutant RLuc-E2 (Fig. 7A ), albeit to a lesser extent than that of the wild-type proteins, suggests that Brd4 may also act in part by a mechanism unrelated to complex formation. To further investigate this possibility, we made use of a Brd4 protein that lacks the E2-binding domain, which we refer to as Brd4-N (aa 1 to 1223). We found in reporter gene assays that Brd4-N has a dominant-negative effect on E2 transactivation. Specifically, we found that Brd4-N inhibited, in a dose-dependent manner, the transactivation by HPV31 E2 of a reporter gene under the control of four E2-binding sites (Fig. 8A, top  panel) . In parallel, we also tested the effect of Brd4-C (middle panel) and full-length Brd4 (lower panel) and found that they could inhibit and potentiate E2 transactivation, respectively, as reported previously (40) . Thus, both Brd4-N and Brd4-C act in a dominant-negative manner. Because Brd4-N does not bind E2, we surmise that it exerts its dominant-negative effect by interfering with the function of endogenous Brd4. We specu- (43), or by competing for binding to cellular factors such as acetylated nucleosomes since Brd4-N retains both bromodomains. Importantly, we tested the effect of this dominant-negative Brd4 construct on the expression levels of wild-type and mutant Rluc-E2 proteins from both HPV11 and HPV31. As shown in Fig. 8B , Brd4-N was found to increase the amount of wild-type RLuc-E2 by ca. 50% at the highest amount tested, despite being defective for binding to E2. Not surprisingly, it had a similar effect on the I73 mutant proteins. This stimulatory effect of Brd4-N appeared to be specific to E2, either wild type or mutant, since it had a negligible effect on RLuc alone (Fig. 8B) . Thus, overexpression of Brd4-N increases the levels of RLuc-E2 by a mechanism that is unrelated to complex formation between both proteins and which is likely related to its dominant-negative effect on endogenous Brd4.
The stability of RLuc-E2 is not affected by downregulation of endogenous Brd4. The results presented in Fig. 6 and 7 showed that, in the absence of Brd4 overexpression, mutant E2 proteins that are defective for Brd4-binding are as stable as wildtype E2. These results suggested that the stability of E2 is not significantly influenced by endogenous Brd4, perhaps because only a minority of E2 is in complex with Brd4 and productively engaged in transcription within an asynchronous cell population. To investigate further the role of endogenous Brd4, we set out to measure the stability of RLuc-E2 in C33A cells in which Brd4 expression would be downregulated with a shRNA. First, we tested the efficiency of several commercially available shRNA against Brd4. In Fig. 9A , we show by Western blotting that the most potent Brd4 shRNA that we identified could reduce the levels of cotransfected Flag-tagged Brd4 by ca. 90%, whereas a control shRNA had little to no effect. Importantly, we then showed in reporter gene assays that this potent Brd4 shRNA, but not the control shRNA, could inhibit E2 transactivation (Fig. 9B) . This effect was specific to E2-mediated transcription since the same Brd4 shRNA had little to no effect on transcription from the CMV promoter (data not shown). From these experiments, we conclude that our Brd4 shRNA is both functional and specific. We then performed cycloheximide chase assays to measure the stability of RLuc-E2 from HPV11 and HPV31 in cells transfected with the Brd4 shRNA or the control shRNA. No significant difference in the stability of the two Rluc-E2 proteins was observed between control and Brd4-knockdown cells (Fig. 9C and D) . Thus, depletion of endogenous Brd4 does not have a significant impact on the stability E2 from HPV11 and HPV31.
In complementary studies, we also measured the stability of RLuc-E2 from HPV11 and HPV31 in a previously described C33A cell line that stably express a shRNA against Brd4 (cell line 1-13 described in Wu et al. [44] , kindly provided by ChengMing Chiang). We found that this cell line supports lower levels of E2 transactivation (see Fig. S4A in the supplemental material), a finding consistent with a reduction in Brd4 levels. RLuc-E2 from both HPV11 and HPV31 were found to be slightly more stable in C33A knockdown cells than in normal C33A cells (see Fig. S4B and C in the supplemental material). However, this was also the case for the Brd4-binding defective mutants (see Fig. S4B and C in the supplemental material). Thus, the slight stabilization of RLuc-E2 observed in Brd4 knockdown cells is unrelated to an interaction with Brd4. These results provide additional evidence that depletion of is not a major determinant of E2's stability. As we argue in the Discussion, this conclusion does not necessarily contradict the notion that Brd4-binding protects E2 from degradation, since it may simply reflect the fact that only a small proportion of E2 proteins are bound to endogenous Brd4 in cells at any given time.
Inhibition of the proteasome reduces E2 transactivation. The studies presented above have revealed a role for Brd4 in protecting E2 from proteasomal degradation. Since Brd4 also mediates the transcriptional activity of E2 (8, 33, 40, 41, 44) , it was of interest to determine whether the proteasome was involved in E2 transactivation. To address this question, we tested the effect of two proteasome inhibitors, lactacystin and MG132, on the expression of an E2-responsive luciferase reporter gene in transfected C33A cells. Cells were transfected with an expression vector for HPV31 E2 together with the reporter gene under the control of four E2 binding sites and were then treated 48 h posttransfection, with a gradient of inhibitors for 6.5 h. As can be seen in Fig. 10A , expression of the reporter gene was increased 4.5-fold by wild-type HPV31 E2 but not by a transactivation defective mutant carrying the R37K and I73L substitutions in the TAD. In the presence of increasing concentrations of lactacystin or MG132, we observed a dose-dependent reduction in E2 transactivation, a finding consistent with a role for the proteasome in this process. To verify that the effect of the proteasome inhibitors was not due to a general reduction in RNA polymerase II transcription, we tested their effect on an unrelated luciferase reporter gene driven by the CMV promoter (Fig. 10B) . In this case, neither lactacystin nor MG132 had any inhibitory effect, even at the highest concentrations tested. Rather, they both increased luciferase expression by 40 to 50% at specific concentrations. Thus, the inhibitory effect of lactacystin and MG132 on E2-transactivation is not due to a general shutdown of RNA polymerase II transcription. Collectively, these results support a role for the proteasome in E2 transactivation.
DISCUSSION
Development of a quantitative luciferase assay to study E2 degradation. For the present study, we developed a novel assay to quantify the proteasomal degradation of papillomavirus E2, based on its fusion to RLuc. This assay is both quantitative and very sensitive. In a side-by-side comparison ( Fig. 1 and 2) , we found that the luciferase assay is at least fivefold more sensitive than Western blotting against the 3xFlag epitope for E2 detection. This allows for the stability of E2 to be monitored under conditions of low protein expression, an important point when trying to ensure that the ubiquitin-proteasome machinery is not saturated by overexpression of the protein of interest. The luciferase assay also allows for the rapid and easy determination of the half-life of E2 with a higher throughput than traditional methods such as pulse-labeling and immunoprecipitation or Western blotting. Importantly, the assay includes an internal FLuc control for normalization purposes, an essential control when investigating the effect of overexpression or downregulation of a transcription factor such as Brd4, which affects the expression of many genes. Indeed, we have noticed that overexpression of Brd4 or Brd4-N stimulates expression from the CMV promoter, which was used in the present study to drive the expression of RLuc-E2 fusion proteins and also of the FLuc normalization control. To quantify this effect, we plotted from our existing data set the effect of Brd4, Brd4-N, and Brd4-C on the expression of the control FLuc driven from the CMV promoter. The luciferase values (see Fig. S5 in the supplemental material) clearly show that Brd4 and Brd4-N increase expression from the CMV promoter in a dose-dependent manner, whereas Brd4-C has much less of an effect. At the highest amount of Brd4 and Brd4-N tested (see Fig. S5 in the supplemental material), the levels of FLuc were almost doubled and tripled, respectively. It is unclear whether Brd4 and Brd4-N have a direct effect on transcription initiated at the CMV promoter or an indirect one on other aspects of gene expression. However, since Brd4 is required for the expression of many cellular genes, it is not surprising that it can also affect expression from the CMV promoter. Importantly, because our experiments involved normalization of the data by calculating the ratios of RLuc to FLuc activities (both expressed from the CMV promoter), we have been able to focus specifically on the effect of Brd4 on the stability of E2, independent of its effect on the CMV promoter. In summary, the use of RLuc fusions has proven extremely valuable for the study of E2 degradation not only because it is quantitative and high throughput but also because it permits the inclusion of an internal control that takes into account general effects of Brd4 on gene expression.
E2 is degraded by the proteasome via its TAD. Using the luciferase assay, we determined that HPV11 and HPV31 E2 are degraded by the proteasome, both with a half-life of ϳ60 min. This value is in agreement with previous studies that measured a half-life of 75 min for HPV11 and of 50 min for both HPV16 and 18 E2 (9, 10). Although HPV11 and HPV31 E2 have comparable half-lives, we repeatedly observed that HPV11 E2 was slightly less stable than HPV31 E2 (Fig. 2B) . Accordingly, inhibition of the proteasome with lactacystin increased the steady-state levels of HPV11 E2 slightly more than those of HPV31 E2 by ca. 20% (Fig. 3B) . Using a series of truncation mutants of HPV31 E2, we identified the TAD as the primary domain of E2 responsible for its proteasomal degradation. The TAD had previously been implicated in the degradation of HPV18 E2 (9) . Interestingly, a growing body of evidence indicates that TADs often contain specific sequences, known as degrons, which signal their proteolysis (36) . The results presented here support the notion that the E2 TAD also contains a degron. The finding that deletion of the Cterminal DBD of E2 did not significantly stabilize the protein (Fig. 5) indicates that the instability of E2 is not dependent on its ability to dimerize and bind DNA. Hence, we conclude that the instability of E2 is encoded within its TAD and that E2 does not need to be bound to DNA or productively engaged in transcription in order to be degraded by the proteasome. E2 is protected from degradation when bound to Brd4. The finding that the TAD contains a degron prompted us to investigate whether overexpression of the viral E1 helicase or of Brd4, which bind to opposite faces of the TAD, would affect the stability of E2. These studies revealed that overexpression of the Brd4 C-terminal domain (Brd4-C), the portion that binds to E2, protects it from degradation. Overexpression of full-length Brd4 was also found to stabilize E2, albeit not as efficiently as Brd4-C, perhaps because it is expressed at lower levels. The use of mutant E2 defective for Brd4-binding (R37 and I73) has been particularly useful for dissecting the effects of Brd4 that are due to its interaction with E2 from those that are indirect and related to a general inhibition of transcription and/or cell cycle progression. The finding that overproduction of Brd4 and Brd4-C protects wild-type E2 but not mutant E2 from degradation strongly suggests that E2 is more stable when bound to Brd4. By extension, these data also point to the Brd4-binding surface of the TAD as being involved in E2 degradation.
Interestingly, we found that the R37 and I73 mutants were as stable as wild-type E2 in the absence of Brd4 overexpression. This suggested either that the interaction of E2 with endogenous Brd4 does not affect the stability of E2 or, alternatively, that it does but that the majority of E2 in cells is not in complex with Brd4 (i.e., is in a free form) and therefore not protected from degradation. At this moment, we cannot formally rule out any one of these two possibilities, although we favor the latter one for the following reasons. The finding that overexpression of Brd4 stimulates E2 transactivation in reporter gene assays (Fig. 8A) (40) suggests that Brd4 is limiting and that its overexpression drives the assembly of a greater number of E2-Brd4 complexes capable of activating transcription. If E2 was already all bound to Brd4, it would be difficult to imagine how Brd4 overexpression could increase E2 transactivation. A similar argument can be made for why Brd4 overexpression protects E2 from degradation. Specifically, we have obtained evidence that Brd4 overproduction protects wild-type E2 but not Brd4-binding mutants, suggesting that this protective effect is indeed due to an increase in complex formation between E2 and Brd4. Again, if all of E2 was already bound to endogenous Brd4, this stabilizing effect of Brd4 would be difficult to explain. Finally, we have found that immunoprecipitation of HPV31 E2 from stable cell lines does not result in the copurification of stoichiometric amounts of Brd4, suggesting that not all E2 molecules are in complex with endogenous Brd4 (data not shown). For all of the aforementioned reasons, we favor the notions that the majority of E2 is not in complex with Brd4 in asynchronous cells and that Brd4 overproduction stimulates E2 transactivation and protects E2 from proteasomal degradation by driving the assembly of additional E2-Brd4 complexes.
We also investigated the role of endogenous Brd4 on the stability of E2 using a dominant-negative Brd4 construct (Brd4-N) and, in separate experiments, by downregulation of Brd4 with a shRNA. We found that Brd4-N inhibits E2 transactivation despite the fact that it lacks the E2-binding domain (Fig. 8A ). This suggests that Brd4-N brings about its inhibitory effect by interfering with the function of endogenous Brd4. We found that overexpression of Brd4-N increased the steady-state levels of RLuc-E2 but also those of the R37 and I73 E2 mutants (Fig. 8B) . From these results, we conclude that dominantnegative inhibition of endogenous Brd4 by Brd4-N does not stabilize E2 through an effect on complex formation between both proteins. To investigate more directly the role on endogenous Brd4 on the stability of E2, we depleted it by using RNA interference. The data presented in Fig. 9 clearly show that depletion of Brd4 did not affect the half-life of RLuc-E2 from HPV11 and HPV31. Comparable results were obtained when we measured the stability of RLuc-E2 from HPV11 and HPV31 in a cell line that stably expresses an shRNA (44) . We surmise that this cell line still expresses some, albeit lowerthan-normal, levels of Brd4 since it is essential for cell cycle progression. Accordingly, we have observed that the levels of E2 transactivation are reduced by ca. 50% in this cell line compared to normal C33A (see Fig. S4 in the supplemental material). We found that RLuc-E2 from both HPV11 and HPV31 were slightly more stable in these C33A knockdown cells than in normal C33A (see Fig. S4 in the supplemental material). However, this was also the case for the Brd4-binding defective E2 mutants (see Fig. S4 in the supplemental material). Thus, the slight stabilization of RLuc-E2 observed in Brd4 knockdown cells is likely independent of Brd4 interaction.
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Collectively, our results indicate that neither depletion of endogenous Brd4 by shRNA nor its inhibition using a dominant-negative Brd4 construct has a major impact on the stability of HPV11 and HPV31 E2 that could be attributed to a reduction in E2-Brd4 complex formation. These findings are in perfect agreement with the finding that Brd4-binding mutants of E2 have a stability comparable to that of wild-type E2. We have argued above that the majority of E2 is not in complex with Brd4 in asynchronous cells and, consequently, surmise that the intrinsic instability of E2 that we have characterized in the present study is that of "free" E2 that is not productively engaged in transcription. However, we have also started to address the role of E2 degradation during transcription by testing the effect of proteasome inhibitors on E2 transactivation. These studies are discussed in the below.
E2 transactivation requires the catalytic activity of the proteasome. There is accumulating evidence that the proteasome is involved in transcription through both its proteolytic and nonproteolytic activities (14, 27, 34) . Using a reporter gene assay, we found that the proteasome inhibitors lactacystin and MG132 reduced, in a dose-dependent manner, the expression of an E2-driven reporter gene (Fig. 10A) but not that of a control reporter expressed from the CMV promoter. A similar observation was reported recently for HPV16 E2 (21) . These findings indicate that the proteolytic activity of the proteasome is required for E2 transactivation, perhaps in part because E2 needs to be degraded in order for transcription to proceed. What might be the role of E2 degradation in transcription? Although we do not have a definitive answer to this question, we can suggest a few possibilities. For some transcriptional activators, it has been postulated that proteasomal degradation serves as a mechanism to limit their activity and ensure that they remain functional only when needed (14, 27, 34) . By analogy, proteasomal degradation of E2 may serve as a mechanism to prevent its stable interaction and activity at the viral LCR until it can productively interact with Brd4. More recent models have emphasized the role of monoubiquitination and polyubiquitination in stimulating and inactivating, respectively, certain transcription factors (4, 5, 14, 18, 27, 28, 34) . In these models, monoubiquitination has been akin to a "licensing event" allowing activators to become active while at the same time marking them for subsequent proteasomal degradation as the ubiquitin chain is extended to beyond four ubiquitin moieties. Thus, it will be important in the future to address whether E2 is activated by monoubiquitination and, if so, whether this modification has any effect on its interaction with Brd4.
